Abstract-The complementary characteristics of wireless cellular networks and wireless local area networks (WLANs) make them suitable to jointly offer seamless wireless access services to mobile users. In an integrated cellular/WLAN system, the qualityof-service (QoS) requirements for different services (e.g., voice, real-time video) require admission control to limit the number of connections in each access network. In this paper, we first develop an analytical model to facilitate the evaluation of different admission control policies in a multiservice integrated cellular/WLAN system. We then formulate two different revenue-maximization problems. Each problem takes different QoS requirements into account. By solving the equivalent cost-minimization problems, we evaluate the system performance when different combinations of cutoff priority and fractional guard channel admission control policies are being used. Results show that using a cutoff priority policy in both wireless access networks can achieve the optimal solution for the two optimization problems under a wide range of network conditions. Index Terms-Admission control, cellular/wireless local area network (WLAN) interworking, handoff management, heterogeneous wireless networks, multidimensional Markov chains.
I. INTRODUCTION

R
ECENT studies have shown that wireless wide-area networks, such as third-generation (3G) wireless cellular systems, can be integrated with wireless local area networks (WLANs) to offer Internet access and IP multimedia services to mobile users. In an integrated cellular/WLAN system, WLANs are usually deployed in densely populated areas, and wireless cellular networks are used to provide wide-area network coverage. Various interworking architectures have been proposed in the literature [1] - [4] . Users that are carrying mobile devices equipped with multiple interfaces can establish connections with different available access networks. As the users move within the coverage areas, they are able to switch connections among networks according to roaming agreements. IEEE has also set up the IEEE 802.21 media-independent handover working group to standardize the interoperability between 802 and non-802 networks (e.g., 3G cellular systems) [5] . The 3G Partnership Project (3GPP) and the 3GPP2 are also aiming to extend their 3G packet data and IP multimedia services to WLAN environments. Different levels of integration have been proposed, ranging from common billing and customer care to seamless mobility and session continuity [6] , [7] .
The process of switching connections among networks is called a handoff or a handover. A handoff is called horizontal if it is between two networks that use the same access technology (e.g., between two WLANs or between two neighboring cells in a wireless cellular network). On the other hand, a handoff is called vertical if it is between two networks that use different access technologies (e.g., from a cell in a wireless cellular network to a WLAN or vice versa). To guarantee the quality of service (QoS) of different IP multimedia applications (e.g., voice, real-time video), it is necessary to limit the number of connections that are admitted to a network. Thus, a proper connection admission control policy is required in each network. An admission control policy can either accept the connection request and accordingly allocate the resources or reject the connection request. In general, higher priority is given to the requests from the handoff users (as opposed to the new users) since, from the users' point of view, having a connection that is abruptly terminated is more annoying than being occasionally blocked on new connection attempts.
Some of the admission control policies for wireless cellular networks include the cutoff priority (CP) [8] and the fractional guard channel (FG) schemes [9] . The CP policy reserves a fixed number of channels for connection requests from handoff users. The connection requests from new users are blocked if there is no unreserved channel available. On the other hand, the FG policy reserves channels for handoff requests by blocking the connection requests from new users with a probability that is proportional to the current occupancy. Both CP and FG policies manage to limit the maximum number of connections in each network according to the QoS requirements of the existing connections.
We now summarize some of the related work on the integrated cellular/WLAN systems. In [10] , an admission policy for 3G cellular systems with complementary WLANs is proposed. In [11] , three different load sharing schemes for integrated universal mobile telecommunications systems/WLAN systems with buffering capabilities are proposed. In [12] , an integrated cellular/WLAN system with resource-sharing and admissioncontrol capabilities is proposed. The CP admission-control policy is used, and the network performance is evaluated in terms of the blocking probabilities of new and handoff connections.
All the work in [10] - [12] only considers a single-service class. That is, they assume that all arriving connections request the same amount of bandwidth.
Some recent work in cellular/WLAN interworking aims to differentiate service requirements. In [13] , the WLAN-first admission control scheme is proposed, where voice and data connection requests within the overlapped coverage area are transferred to the WLAN. In [14] , a randomized guard channel admission control policy is proposed in which a random number of channels is reserved for voice handoffs. Some channels are also randomly selected to be exclusively used by new voice connections. The remaining bandwidth is then shared by all data connections.
Although there have been various models and admission control policies proposed in the literature, this paper is motivated by three particular aspects: 1) the consideration of several WLANs that are deployed inside the cell of a wireless cellular network; 2) the support of multiple service classes with different bandwidth requirements; and 3) the effect of using a combination of different admission control policies in wireless access networks. This paper aims to incorporate these important aspects in an optimization-based design for connection admission control in integrated cellular/WLAN systems.
In this paper, we develop an analytical model to facilitate the evaluation of different combinations of connection admission control policies in a multiservice integrated cellular/WLAN system. In our model, several WLANs are deployed within the same coverage area of the wireless cellular network. To accommodate the behavior of different admission control algorithms, we introduce the concept of policy functions. They are defined based on the service category (e.g., voice, data), the type of the connection request (i.e., a new request or a handoff request), and the admission control policy that is being used. Different from our previous work in [15] , here, we define different policy functions for each type of a handoff request (i.e., horizontal/vertical). The contributions of this paper are as follows. 1) Our model takes into account various important system parameters, including the level of mobility and the arrival rate of connection requests from the users, the capacity and the coverage area of each wireless network, the admission control policies, and the QoS requirements in terms of the blocking and dropping probabilities. 2) Flexible policy functions are defined for each service category and for each type of connection requests. We use the CP [8] and FG [9] admission control policies and determine the corresponding policy functions. These functions also allow us to evaluate different policy combinations. 3) We formulate two different revenue maximization problems for multiservice integrated cellular/WLAN systems. Each problem takes a distinct set of QoS requirements into consideration. 4) We evaluate the performance of the cellular/WLAN system using different policy combinations under various levels of mobility and arrival rates of connection requests.
Results show that using the CP policy in both wireless access networks can achieve the optimal solution for both optimization problems under a wide range of network conditions.
The rest of this paper is organized as follows. The analytical model for the integrated cellular/WLAN system is described in Section II. The optimization-based admission control problems are formulated in Section III. Numerical results are presented in Section IV. Conclusions are given in Section V.
II. CELLULAR/WLAN SYSTEM MODEL
Consider an integrated cellular/WLAN system where one or more WLANs may be deployed inside each cell of the cellular network, as shown in Fig. 1 . There are two specific coverage areas to be considered-the cellular-only coverage area and the dual cellular/WLAN coverage area. In this context, coverage corresponds to service availability. In general, the dual cellular/WLAN coverage areas are deployed in specific areas where the demand for data service is much higher than the rest of the cellular-only area [4] . Horizontal and vertical handoffs can occur due to the mobility of the users under different coverage areas. In this section, we present a model for the multiservice integrated cellular/WLAN system. Given the admission control policies, we determine the probabilities of blocking connection requests from the new users and the probabilities of dropping connection requests from the handoff users.
A. Traffic and Mobility Models
We first introduce the notations. Let M c denote the set of all cells in a wireless cellular network, A (1) where q cc ij s denotes the probability of attempting a horizontal handoff from cell i to neighboring cell j, and q cw ik s denotes the probability of attempting a vertical handoff from cell i to WLAN k, which is inside the coverage area of cell i.
Similarly, a mobile user who is holding a connection of service type s in WLAN k may terminate its connection at the end of its association holding time and leave the integrated system with probability q
It may also move within the system and continue in an adjacent WLAN or an overlaying cell with probability 1 − q To model the capacity in IEEE 802.11 WLANs, it is reasonable to assume that there are only packet transmissions between the access points and the mobile devices but not among the devices. For each WLAN k, the media access is controlled either in a centralized manner using the point coordination function (PCF) or in a decentralized manner using the distributed coordination function (DCF). We show in Appendix A that, in either case, the capacity constraint can be modeled as
where C w k is the effective data rate in WLAN k in BBUs, m w k s ≥ 0 is the number of connections using service type s in WLAN k, and m
) is the occupancy vector in WLAN k. If a PCF is being used, then the effective data rate is close to the nominal data rate. 1 On the other hand, if a DCF is being used (which is widely deployed in current WLANs), the effective data rate C w k is significantly less than the nominal rate. There are a few approximate analytical models that can obtain the capacity of the WLAN under certain assumptions [20] , [21] . However, finding an accurate value is not an easy task. Nevertheless, we can use either IEEE 802.11-based simulation or test-bed measurements to estimate C w k . In this paper, we use ns-2 [22] simulations to estimate C 
1 IEEE 802.11a supports 6-, 9-, 12-, 18-, 24-, 36-, 48-, and 54-Mb/s nominal data rates. IEEE 802.11b also supports 1-, 2-, 5.5-, and 11-Mb/s data rates [19] . (18) where R ik denotes the coverage factor between WLAN k and cell i (i.e., the ratio between the radio coverage area of WLAN k and the radio coverage area of cell i).
i . New connection arrival rates, as well as the horizontal and vertical handoff rates, are shown in Fig. 1 , where the subscript s is omitted for the sake of clarity.
Let ϕ c i s denote the death rate of service type s in the birth-death process corresponding to cell i. Recall 
Given 
, and s ∈ S. To compute the birth rates in (11) and (12), we need to solve the set of fixed-point equations given by handoff rates (13)- (18) . This can be accomplished by using the iterative fixed-point algorithm of repeated substitutions [23] . The fixedpoint algorithm is described in Appendix B.
III. CONNECTION ADMISSION CONTROL
In this section, we introduce the concept of policy functions and derive the corresponding functions for admission control policies. We also define the policy combinations and formulate the optimization problems. for new, horizontal, and vertical handoff connection requests, respectively. The policy functions are able to model the behavior of the admission control policies. They determine the probability of not accepting a connection for each type of request and service given the occupancy vector m c i and according to a specific policy. Thus, network designers can use them to either evaluate admission control policies that are already proposed or to examine new ones. To determine the corresponding policy functions, the designer decides how each type of connection request is being treated (i.e., accept or reject) based on the current number of connections of each service (i.e., the occupancy vector). A policy can be modeled if it can be represented as a function of the occupancy vector.
A. Policy Functions
As mentioned in Section II, priority is usually given to handoff connection requests over new connection requests [i.e., ) based on the differences between horizontal and vertical handoff connection requests. Note that the vertical handoff decision process always occurs before the connection request. Such a decision process is more elaborate than the one for the horizontal handoff, which is usually based on the received signal strength (RSS) from the base station. The vertical handoff decision, besides the RSS, needs to consider additional parameters such as access cost, power consumption, and QoS factors [24] . Interested readers may refer to [25] and [26] (and references therein). For the scope of this paper, the admission control policy is invoked once the vertical handoff decision has been made. From the network operator's point of view, we can divide the treatment of the vertical handoff connection requests into two cases. 1) If the connection request is from a user who is a subscriber to the network on which admission is requested, then the operator may set the policy functions β By using the policy functions, we can extend the CP and the FG as two examples of admission control policies from wireless cellular networks to the integrated cellular/WLAN systems. Recall from Section I that the CP policy reserves a fixed number of available channels (i.e., BBUs) for handoff requests. Using the notation of policy functions, a connection request to cell i for service type s is rejected by the CP policy with the following probability for new users: (21)- (27) .
B. Policy Combinations and Optimization Problems
Given the CP and FG admission policies, four different policy combinations can be considered. 
c and s ∈ S to ensure that higher priority is given to accepting connection requests from handoff users of any type rather than new users. We can also assign different revenues for different services, which is useful when the services are offered with different service fees.
By removing the constant terms, problem (28) can be reduced to the following equivalent blocking cost minimization problem: can be interpreted as the amount of revenue lost due to dropping a connection request for service type s from a horizontal handoff user in cell i. It can also be interpreted as the cost of dropping. The rest of the parameters can be interpreted in a similar way (i.e., cost of blocking). Thus, the objective of problem (33) is to minimize all penalty costs (i.e., revenue loss) incurred in the integrated cellular/WLAN system when connection requests from new, horizontal, and vertical handoff users are blocked and dropped, respectively. For the rest of this paper, we refer to this cost as the cost of blocking connections.
Optimization Problem 2: Given the policy functions and the network parameters, maximize a linear function of accepted traffic for connection requests from new users subject to the constraints on dropping probabilities for connection requests from handoff users, i.e., 
where Γ mobility level of 60% for the users in the WLANs. For the iterative fixed-point algorithm described in Appendix B, we use = 10 −9 . We first consider case 1 from Section III-A where the operator offers the same QoS in terms of dropping probabilities to horizontal and vertical handoff users. Thus, β to 0.7, whereas the mobility in WLAN k for all k ∈ W c i and s ∈ S is fixed at q
The mobility is increased by reducing the probability of terminating a connection from service s in cell i. Thus, more horizontal and vertical handoff requests arrive at the adjacent cells and WLANs. Due to the fixed capacity and traffic, an increase in connection requests from handoff users translates into more connections that are being blocked and dropped. The increase in the blocking cost can be observed in Fig. 6 . In Fig. 7 , the level of mobility in WLAN k for all k ∈ W c i and s ∈ S given by (2) (i.e., 1 − q w k s ) is increased from 0.1 to 0.5 since the mobility in the WLANs is lower than in the cells, whereas in cell i for all i ∈ M c and s ∈ S, the level of mobility is fixed at q
There is an increase in the cost of blocking connections as the level of mobility increases. On the other hand, when the mobility decreases, the blocking cost decreases because most of the connections terminate inside their current cell or WLAN. In both cases, the use of the CP in both networks achieves the lowest blocking cost. cellular network when compared to WLANs, the performance of the wireless cellular network dominates the performance of the integrated cellular/WLAN system, causing the policy combinations using the same policy in the wireless cellular network (e. Fig. 9 shows the probability of dropping connection requests from handoff users of services 1 and 2 in cell 1 and WLAN 4 when the arrival rate of new connection requests from service 2 increases. The arrival rate of new connection requests from service 1 is fixed at 0.5. The results correspond to the combination CP c −CP w , which provides the best performance in terms of handoff-dropping probabilities. In this scenario, the optimal values are T i and correspond to the traffic λ 1 = 1 and λ 2 = 1 new connection requests per minute. Note that in both access networks, the dropping probabilities for service 2 are higher due to the fact that each connection requests two times the BBUs than service 1. Also, for both services, the dropping probabilities are higher in the cell than in the WLAN due to the lower capacity in the wireless cellular network compared with the WLAN, which generates values that are closely approaching the QoS constraints.
B. Results for Optimization Problem 2
In Figs. 10 and 11 , the level of mobility in the cells of the wireless cellular network and WLANs, respectively, is increased. The traffic is set to λ 1 = λ 2 = 0.5 new connection requests per minute. In Fig. 10 , the level of mobility in cell i for all i ∈ M c and s ∈ S is increased from 0.1 to 0.7, whereas the mobility in WLAN k for all k ∈ W That is, only 40% or fewer of the users perform handoffs. This behavior is different from the first optimization problem. Finally, in both mobility cases, the use of the CP in the two networks achieves the lowest blocking cost.
C. Results for Handoff Differentiation
Here, we consider case 2 from Section III-A, where β Fig. 12 shows the probability of dropping connection requests from horizontal and vertical handoff users of services 1 and 2 in cell 1 and WLAN 4 when the arrival rate of new connection requests from service 1 is increased. The arrival rate of new connection requests from service 2 is fixed at 0.5. The arrows depict the difference in the probability of dropping connection requests between each type of handoff request. As an example, we can see that in cell 1, the probability of dropping a horizontal handoff is 81% and 84% lower than the probability of dropping a vertical handoff for services 1 and 2, respectively.
V. CONCLUSION
In this paper, we have developed an analytical model to facilitate the performance evaluation and the parameter adjustment of different admission control policies in a multiservice integrated cellular/WLAN system. Our model takes into account the mobility and the rate of connection requests of the users, the capacity and the coverage area of each network, the admission control policies, the cost from blocking connection requests for each service, and the QoS requirements in terms of blocking and dropping probabilities. This paper aims to incorporate these important aspects in an optimization-based design for connection admission control in integrated cellular/WLAN systems. Given the model, we have also formulated two different revenue maximization problems to adjust the admission control parameters. The first problem aims to maximize the network revenue in terms of the accepted connection requests from new and handoff users. The second problem aims to maximize the network revenue in terms of the accepted connection requests from new users subject to QoS constraints on the handoff dropping probabilities. We have evaluated four different combinations of admission control policies by extending the CP and FG admission control policies with policy functions. Results show that, under a wide range of connection request rates and various users' mobility levels, using the CP policy in both access networks achieves the best performance for both design objectives.
APPENDIX A IEEE 802.11 WLAN CAPACITY MODEL The IEEE 802.11 standard [19] defines two media access methods-the PCF and the DCF. We consider both cases.
1) WLAN k is controlled using the PCF. Since the media access control is centralized in this case, there is no interference among the transmissions of different users.
